The atomic and magnetic structures of (CuX)LaNb 2 O 7 (X=Cl and Br) are investigated using the density-functional calculations. Among several dozens of examined structures, an orthorhombic distorted 2 × 2 structure, in which the displacement pattern of X halogens resembles the model conjectured previously based on the empirical information is identified as the most stable one. The displacements of X halogens, together with those of Cu ions, result in the formation of X-Cu-X-Cu-X zigzag chains in the two materials. Detailed analyses of the atomic structures predict that (CuX)LaNb 2 O 7 crystallizes in the space group P bam. The nearest-neighbor interactions within the zigzag chains are determined to be antiferromagnetic (AFM) for (CuCl)LaNb 2 O 7 but ferromagnetic (FM) for (CuBr)LaNb 2 O 7 . On the other hand, the first two neighboring interactions between the Cu cations from adjacent chains are found to be AFM and FM respectively for both compounds. The magnitudes of all these in-plane exchange couplings in (CuBr)LaNb 2 O 7 are evaluated to be about three times those in (CuCl)LaNb 2 O 7 . In addition, a sizable AFM inter-plane interaction is found between the Cu ions separated by two NbO 6 octahedra. The fourth-neighbor interactions are also discussed. The present study strongly suggests the necessity to go beyond the square J 1 − J 2 model in order to correctly account for the magnetic property of (CuX)LaNb 2 O 7 .
magnetic resonance and the nuclear quadrupole resonance experiments for (CuCl)LNO and (CuBr)LaNb 2 O 7 ((CuBr)LNO) further demonstrated the lack of the tetragonal symmetry at both Cu and Cl/Br sites [20, 21] .
The magnetic properties of (CuCl)LNO and (CuBr)LNO are also unusual and lack a clear microscopic interpretation. The former exhibits a spin liquid phase with a spin gap [20, 26, 27] that are incompatible [28] with the square J 1 − J 2 model. On the other hand, it has been reported [29] that the replacement of Cl by Br leads to a CAFM order in (CuBr)LNO at low temperatures. However, it is unclear whether the Cu ions connected with the dominant exchange interaction couple ferromagnetically or antiferromagnetically [21] . Moreover, both (CuCl)LNO and (CuBr)LNO are claimed to be FM J 1 compounds [27, 29] whose justifications largely rely on the J 1 − J 2 model. Yet, the structural study [21] raised doubts over the validity of the model. Therefore, unambiguous determination of the crystal structure is crucial for understanding these complex systems.
At present, there are several structural models proposed for the CuX plane. Whangbo and Dai [28] suggested a model that consists of different ring clusters to explore the exchange couplings. However, the existence of inequivalent Cu and Cl sites in such a model is in contradiction to the experimental results that both Cu and X occupy a unique crystallographic site with no substantial disorder [20, 21] . Yoshida et al. [20] , based on the empirical evidence, proposed an orthorhombic distorted 2 × 2 structure (hereafter referred to as the YY model). In this model, the displacement of Cl ions generates different exchange couplings among the nearest neighboring Cu pairs. A Cu dimer formed by the dominant exchange interaction was considered [20] to study the spin-gap behavior. The same structural model was shown [21] to consistently account for (CuBr)LNO. The third model, suggested by Tsirlin and Rosner (TR) [30] is also characterized by an ordering pattern but with a 2 × 1 periodicity, where the local environment of copper is distorted to form the CuO 2 Cl 2 plaquette.
First-principles calculations have proven to be an appealing method to deal with complex systems [31] [32] [33] . Such a method can efficiently and reliably calculate the total energy, which is crucial in determining the most stable structure in order to study all relevant physical properties. In this work, we will investigate the atomic structure and resultant magnetic property of (CuCl)LNO and (CuBr)LNO based on the density functional theory. Our results show that, among several dozens of examined structures, the distortion pattern of the most 3 stable one is similar to that of the YY model. The displacement of the X ions changes the environment of copper to form the CuO 2 X 2 plaquette. In addition, these two materials crystallize in the space group P bam. The FM chains in CAFM (CuBr)LNO are found to be along the direction which is contrary to the previous conjecture [21] . It will be shown that (CuCl)LNO still belongs to the AFM J 1 compound. The first-and second-neighbor exchange couplings of (CuCl)LNO and (CuBr)LNO are also discussed in detail. Figure 1 illustrates the basic crystal structure of the copper oxyhalides (CuX)LaNb 2 O 7 .
II. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS
It is made up of copper-halogen planes and nonmagnetic double-perovskite LaNb 2 O 7 slabs.
The La ions are located at the 12-coordinate sites of the double-perovskite slabs. The CuX planes and the LaNb 2 O 7 slabs alternate along the c direction such that the copper is six-fold coordinated, bridging between the apical O ions of NbO 6 octahedra and surrounded by four X halogens. Because of the short Cu-O bond length (∼1.9Å), the CuX plane is more appropriately considered as a CuXO 2 layer. The initial structural study on (CuX)LaNb 2 O 7 was carried out with the space group P 4 /mmm, where both Cu and X have the C 4 symmetry [23, 24] . In this model (hereafter referred to as C4), the Cu and X ions are located at the Wyckoff 1d and 1b positions, respectively ( Fig. 2(a) ). Later studies [20, 25] proposed that Cl ions are displaced from the C 4 -symmetry positions. The YY 2 × 2 model is represented in Fig. 2(b) . The displacement of X ions on the CuX plane leads to the formation of the X-Cu-X-Cu-X zigzag chains, as indicated in Fig. 2(b) . The original equivalent and perpendicular Cu chains are now distinguishable. Here, the direction extending along the zigzag chains is defined as the b axis.
The present calculations were based on the generalized gradient approximation (GGA) [34] to the exchange-correlation energy functional of the density functional theory. It is known [35] [36] [37] that Cu-derived oxide compounds are usually strongly correlated systems.
The correlation effect is important for the present systems to understand their ground state.
Therefore, the on-site Coulomb interaction U for Cu 3d electrons was also included [22] (GGA+U) in this work. Since the on-site exchange interaction J is expected to be less influenced by the solid state effects [30] , the relation J = 0.1U was used [38] for different choices of U. The projector-augmented-wave potentials, as implemented in VASP [39, 40] , were employed for the interactions between the ions and valence electrons. The plane-wave basis set with an energy cut-off of 500 eV was used. To minimize numerical uncertainties, structural optimizations were performed using a 2 × 2 supercell for all the test structures unless specified otherwise. The 6 × 6 × 4 Monkhorst-Pack grids were taken to sample the corresponding Brillouin zone. The lattice parameters and atomic positions were relaxed until the total energy changed by less than 10 −6 eV per conventional cell and the residual force was smaller than 0.01 eV/Å.
III. RESULTS AND DISCUSSION

A. Energetics
We first calculated the total energies of the C4 structure and several 2 × 1 and 2 × 2 distorted structures with different displacement patterns of the X halogens. The YY 2 × 2 model is found to be the most stable one. As compared to the C4 structure, the YY model has a significant 0.3 and 0.2 eV/fu lowering in the energy of (CuCl)LNO and (CuBr)LNO, respectively. This directly rules out the possibility that the two compounds crystallize in the C 4 symmetry. Particularly, over the full U range from 0 eV to 8 eV, the YY model is 0.1 eV/fu lower than the TR 2 × 1 model (see Fig. 4 in Ref. [30] ) for both materials. The nonmagnetic calculations with and without U lead to the same conclusion. Therefore, the structural distortion outweights the magnetism and on-site correlation effects in determining the atomic structure. Note that, besides Refs. [20] and [21] , very recent experimental evidences [41] also confirm that the original unit cell should be double along both the a and b axes for the family of these compounds. Our study therefore provided theoretical support for the stabilization of the YY 2 × 2 model.
To examine whether there exists other more stable structure with the X ions restricted to the Cu plane, we perform the calculations for (CuCl)LNO with twenty sets of random displacements of all four Cl ions from the positions in the YY model. However, no such structure was found. The resultant configurations of the trial structures are either relaxed back to the YY model or trapped into a nearby higher energy minimum.
Next, we allow the halogens in the YY model to move off the plane. It is found that the X ions in the relaxed structures are 0.02 − 0.04Å away from the Cu plane. However, the change in the total energy is rather small. At U=0 and 8 eV, the results of both materials
show that the energy differences are only within 2 meV per 2 × 2 supercell while the energies for the structures with the X ions fixed in the plane remain lower. We also examine the two structures in Figs The differences among them are within 1 meV/fu when U ≥ 6. The first two are even almost identical around U=4 eV. Clearly, Fig. 4 (a) shows that the SC3 is the lowest energy state and its energy is well separated from those of the other three magnetic structures.
In the (CuBr)LNO case, similar tiny energy differences but between SC1, SC2, and SC3
are also found. Interestingly, when the FM chain in the CAFM state is set parallel along the a axis, as in SC4, the total energy over the examined U range is much higher than those of the other three configurations, indicating that the Cu ions along the a-axis should not couple ferromagnetically. This finding is contrary to the previous conjecture [21] . The different energy ordering for the four magnetic configurations between the two compounds are conceivable since the magnetic interactions through the path Cu-X-Cu depend subtly on the small structural variation via the X-ion size effect. We will return to this issue in Sec. IIID when considering the various exchange couplings.
B. Atomic structure
Tables I lists the fully optimized structural parameters of both materials. For comparison, those obtained by the C4 model are also included. As can be seen in this table, the evaluated lattice constants are in good agreement with the experimental data [24, 25] . The discrepancies between them are only within 1%, the typical errors in the density-functional calculation.
The a and b lattice constants of (CuCl)LNO are smaller than those of (CuBr)LNO, which is due primarily to the size effect of Br in the layered structure.
To discuss the structural distortion, we take the (CuCl)LNO case as an example. In comparable to those reported previously [25] . As a result, the distortion yields the nearly planar CuO 2 Cl 2 rather than the octahedral CuO 2 Cl 4 environment around the Cu ion ( Fig.   5(a) ). The resultant CuO 2 Cl 2 planar structure is reminiscent of the conventional CuO 4 plaquette, which is commonly observed in copper oxides, e.g., La 2 CuO 4 (Ref. [36] ) and Sr 2 CuO 3 (Ref. [37] ). It should be noted that the CuO 2 Cl 2 -plaquette zigzag chains was also reported in the TR model [30] . Additionally, the basic electronic structure is similar to that of the CuO 4 planar unit, which will be demonstrated in the next section. Combined with the energetic advantage mentioned above, the YY model provides a realistic description for the atomic structures of (CuCl)LNO and (CuBr)LNO .
From a closer analysis of the positions of all ions in (CuCl)LNO, we found that the distorted atomic structure in the YY model belongs to the space group Pbam (No. 55) [44] .
The atomic positions are summarized in Table II . Clearly, the deviations of the Cl ions from the C 4 -symmetry positions are as large as 0.66Å, and these values are four times larger than those of Cu ions. Note that the displacements along the a axis are more significant than those along the b axis for both ions to form the zigzag chains.
As expected, the structural distortion on the CuCl plane leads La, Nb and O ions to shift from the the C 4 -symmetry positions. Figure 5 (b) and Table II show the significant tilting and distortion of NbO 6 octahedra. Such a tilting distortion is typical for perovskite oxides structures [45] . Particularly, La ions shift along the b axis by an amount of 0.10Å.
This displacement of La from the C 4 -symmetry positions well agrees with the experimental nonzero value of the EFG tensor at La sites [20] , a strong evidence for the structural distortion in (CuCl)LNO. We also found that Nb ions shift along the a axis by a relatively smaller amount of 0.02Å. Note that the a (b) component of La (Nb) displacement is almost negligible.
Taking into account the tilting of the NbO 6 octahedra in the (CuCl)LNO is important for providing a realistic description of the distortion on the CuCl plane. Figure 5 (c), the top view of the atomic structure, clearly demonstrates that the cooperative tilting of the NbO 6 octahedra in the space group P bam results in a 2 × 2 periodicity and leads to the zigzag chains with the same periodicity. It is worth pointing out that the higher symmetric 2 × 1 zigzag chains in the TR model were investigated without consideration of the effect due to the tilting of the NbO 6 octahedra, where these octahedra were still kept at the C4 tetragonal sites [30] . Allowing the tilting distortion of NbO 6 octahedra in (CuCl)LNO lowers the symmetry of the atomic structure and correspondingly that of the zigzag chains and therefore leads to a lower total energy. In the YY model, the zigzag chains have the glide symmetry about u = 1/4 and v = 1/4. Specifically, the Cu-Cl bond of 2.39Å in the zigzag chain is next to the Cl-Cu bond of 2.38Å in the adjacent chain and vice versa. As compared to those in the TR model, such a complementary arrangement between adjacent chains in the YY model allows a further lowering in energy. Now, it is evident that the YY 2 × 2 model in the present study is energetically more stable than the TR 2 × 1 one. Similar conclusion holds for (CuBr)LNO.
C. electronic structure Figure 6 depicts the orbital-and site-projected densities of states (DOS) of (CuCl)LNO with U=6 eV, where the valence-band maximum (E v ) is set to zero. The orbitals are projected in the local coordinates with the x and y axes directed to the neighboring Cl ions and the z axis coinciding with the crystal c axis (Fig. 2(b) Table I ). Note that the We found that the structural distortion and magnetism together already open up the gap.
The E g of (CuCl)LNO obtained by the GGA is 0.3 eV. However, this result is insufficient to account for the green color appearance [24] of this compound. At U = 6 eV, the E g is increased to 1.8 eV. Further increase of U makes no significant widening for the band gap.
The main structures in the DOS of (CuCl)LNO are also found in that of (CuBr)LNO, except for the smaller E g of 1.5 eV. At this choice of U, the local magnetic moment at the Cu site of (CuBr)LNO is evaluated to be 0.6 Bohr magneton, which agrees with the experiments [21, 29] . An amount of 0.1 Bohr magneton at Br sites is also observed. Hence, we choose the optimal U = 6 eV case to discuss the corresponding atomic and electronic properties.
D. exchange interaction
Finally, we discuss the exchange couplings for both (CuCl)LNO and (CuBr)LNO. In the undistorted C4 structure, the interactions between the Cu ions can be approximately modeled by the Heisenberg HamiltonianĤ = J 1 N N S i · S j + J 2 2N N S i · S j , where the sums run over the first and second nearest-neighbor pairs, respectively, and S i corresponds to the spin moment at site i. The relevant exchange couplings can be then determined by applying the model to the calculated energies of different spin configurations. For the YY model, the formation of the X-Cu-X-Cu-X zigzag chains along the b axis ( Fig. 2(b) ) lifts the tetragonal symmetry and leads to inequivalent superexchange pathways, as indicated in Fig. 2 . As a result, the J 1 in the C4 structure is split into J 11 , J 12 , and J 13 , with the former two now being the first neighboring inter-chain interactions and the latter the first neighboring intra-chain interaction. The original J 2 coupling is split into two inequivalent J 21 and J 22 , which are correspondingly the second neighboring inter-chain interactions. We investigate these interactions via the various spin configurations in Fig. 3 . The results are summarized in Table III .
We first discuss the results from the C4 model. Table III shows that J 1 is almost negligible as compared to J 2 . This is reasonable because, as illustrated in Fig. 7 However, the recent structural study [21] has raised serious doubt over the validity of the (Table I) due to the structural distortion. This will lead to the overlapping of Cu2 (Cu4) d and X4 p orbitals, and enhance the interaction between Cu1 and Cu2 (Cu4).
In fact, Fig. 8(a) shows that for (CuCl)LNO, (J 11 + J 12 )/2 > 0, J 13 > 0, and (J 21 + J 22 )/2 < 0 for all the Us considered. It is now clear that, since the interactions due to all the corresponding spin pairs in SC3 satisfy these conditions, (CuCl)LNO in SC3
is much more stable than in the rest three configurations of Fig. 3 . Actually, SC3 is the most stable structure among all the spin configurations with the interactions up to secondnearest neighbors. However, by comparing Fig. 8(b) with Fig. 8(a) , we found that the J 13 in (CuBr)LNO becomes FM. This could be ascribed to the fact that the interaction J 13 depends sensitively on the angle of the Cu1-X4-Cu2 superexchange path in Fig. 7 , and the replacement of Cl by Br will change this angle and modify the interaction. Therefore, for (CuBr)LNO, the first neighboring couplings within the chains are FM, and the first two neighboring couplings between adjacent chains are AFM and FM, respectively. None of the four structures in Fig. 3 satisfies these conditions. Specifically, the interactions due to the corresponding spin pairs in SC4 are all opposite to these couplings, giving rise to the result of the SC4 being the highest-energy structure for (CuBr)LNO.
The above analysis seems to indicate that, contrary to previous expectations [20, 26, 27, 29] , (CuCl)LNO rather than (CuBr)LNO is less frustrated [29] . To check the reliability of our calculations, we perform the total-energy calculation for an additional structure SC5 with three of the four spins being the same but opposite to the fourth one. For all the possible choices of four magnetic structures containing SC5 in solving the Heisenberg Hamiltonian, the deviations of the relevant couplings (dashed lines in Fig. 8 ) from those obtained by SC1−SC4 are less than 1.0 meV. More importantly, the signs of these interactions remain unaltered for both materials.
One plausible explanation for the above puzzling discrepancy is that the third neighboring couplings between different zigzag chains [46] may not be completely negligible [27, 30] .
Actually, in the YY model, the two CuO 2 X 2 plaquettes with the Cu1 and Cu5 ions in Fig.   7 (b) could be considered approximately coplanar. Kageyama et al. [47] argue that this kind of coplanarity provides an opportunity for the interaction between Cu1 and Cu5 through the overlap of the Cu1 d(x 2 − y 2 )−X4 p − X5 p−Cu5 d(x 2 − y 2 ) orbitals. So, from the structural geometry point of view, such a long-range coupling (8.5Å) could be possible.
However, to examine and identify these couplings, one has to take into account additional eight inequivalent couplings and use a larger supercell whose corresponding calculations are very time-consuming and yet, likely, not accurate enough for the present purposes (Fig. 4) .
Therefore, we will not address this issue presently. Further theoretical and experimental work is required to clarify this point.
It is worth pointing out that the first neighboring interactions within the chains and between the adjacent chains have the opposite signs for (CuBr)LNO. The spatial asymmetry of these results again demonstrates the inappropriateness of the square J 1 − J 2 model for the Br compound. Furthermore, for both materials, the couplings between the adjacent chains are very competitive to the intra-chain interactions, sharply contrary to the previous conclusion [30] . Tsirlin and Rosner have argued [30] that in the TR model, where the basic structure element is also the CuO 2 Cl 2 -plaquette zigzag chain, the large hopping runs along the chain and leads to the strongest interaction. According to their discussion, the interchain interaction is rather weak due to the long "nonbonding" Cu-Cl distance and the lack of the proper superexchange path. In the present study, despite the similar backbone in the YY model, the couplings between the adjacent chains are shown to be still substantial.
As mentioned before, the strength of exchange interactions between two spin sites should be determined by the overlap of orbitals rather than the distance between them. The interactions between the Cu ions from adjacent chains could be significant through the path mediated by the extended 3p orbital of Cl ions (vs O 2− ) and would be enhanced in the Br case with the further extended 4p orbital. Indeed, our calculations show that all the in-plane exchange couplings in (CuBr)LNO are three times larger than those in (CuCl)LNO.
For the inter-layer interaction J ⊥ , Table III shows that the J ⊥ is AFM, in agreement with the experiment [29] . When compared to the in-plane interaction, the J ⊥ in (CuCl)LNO is non-negligible, implying that some long-path (12Å) interaction between the Cu ions is still however, the coupling is found to be relatively less significant. The strength of all the interactions interested here is decreased with increasing U. The evolution is expected since adding U makes the wavefunctions more localized and the virtual electrons hopping less favorable.
IV. CONCLUSIONS
In conclusion, we have investigated the atomic structure and magnetic property of the copper oxyhalides (CuX)LaNb 2 O 7 (X=Cl and Br) based on the density functional theory.
The calculations show that, among the examined structures, the YY 2 × 2 model proposed by Yoshida et al. [20] has the lowest energy. This model is significantly more stable than both the undistorted C4 structure and the TR 2 × 1 model suggested recently by Tsirlin and Rosner [30] . The X and Cu ions in the YY model are displaced to form the X-Cu-X-Cu-X zigzag chains and the local environment of copper is distorted to form a nearly CuO 2 X 2 plaquette. We found that (CuX)LaNb 2 O 7 crystallizes in the space group P bam. Fig. 3 . The latter two refer to those in Fig. 2(b 
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